The purpose of this study was to establish whether material properties of elastin co-electrospun with polydioxanone (PDO) would change over time in both the uncross-linked state and the cross-linked state. First, uncross-linked scaffolds were placed in phosphate buffered saline (PBS) for three separate time periods: 15 minutes, 1 hour, and 24 hours, and subsequently tested using uniaxial materials testing. Several cross-linking reagents were then investigated to verify their ability to crosslink elastin: 1-ethyl-3-(dimethylaminopropyl)-carbodiimide (EDC), ethylene glycol diglycidyl ether (EGDE), and genipin. Uniaxial tensile testing was performed on scaffolds cross-linked with EDC and genipin, yielding results that warranted further investigation for PDO-elastin blends. Material properties of the cross-linked scaffolds were then found within range of both pig femoral artery and human femoral artery. These results demonstrate PDO-elastin blends could potentially be favorable as vascular grafts, thus warranting future in vitro and in vivo studies.
INTRODUCTION
For over a hundred years, cardiovascular disease (CVD) has remained the number one cause of death in the United States. In 2003, preliminary mortality data showed CVD accounted for 37.3% of all deaths (16.7% of those people were under the age of 65). Atherosclerosis accounted for three quarters of deaths related to CVD. This thickening of arterial wall due to disrupted blood flow can lead to a myriad of complications [1, 2] . In an attempt to treat patients with this disease, an estimated 467,000 bypass surgeries occurred in 2003 [1] .
Currently, for small diameter (< 6mm) vascular grafts, autologous blood vessels, such as the saphenous vein, are the standard. However, many patients do not have a suitable vessel for use because of peripheral vascular disease, amputation, or prior harvest [3] [4] [5] . If autologous blood vessels are unavailable, then the replacement must be prosthetic.
Several options are available when choosing among the number of grafts currently on the market. The most common options are expanded Polytetrafluoroethylene (ePTFE) and Dacron ® . However, at the small diameter level, the properties of these materials have generally proved inadequate due to acute thrombogenicity of the graft, anastomotic intimal hyperplasia, aneurysm formation, infection, and progression of atherosclerotic disease [4] . Therefore, new design criteria must be implemented. Qualities of an ideal design would include the ability to be nonthrombogenic, nonimmunogenic, infection resistant, capable of inducing an appropriate healing response, flexibile, kink resistant, easily manufactured, affordable, easily stored, available in a variety of sizes (lengths and diameters), and mechanically compliant [2, 4, 6, 7] .
Arteries require a complex design in order to withstand high flow rates and high pressures at pulsatile intervals. The vessels themselves can be considered as viscoelastic tubes, where their diameter is maintained by the balance between elasticity and strength imparted by the different components of the wall and the applied transmural pressure [8] [9] [10] . These tubes experience two primary hemodynamic forces: the circumferential force resulting from the wall tension due to blood pressure, and the frictional force or shear stress resulting from blood flow along the vessel wall. The relationship between shear stress, vascular restructuring, and growth has led to speculation of an association between shear stress and the formation of atherosclerotic lesions [11] . Therefore, in low flow environments, such as small diameter blood vessels, it is essential to match the mechanical forces of a vascular graft with the native artery for proper graft functionality.
To elicit these specific properties, the proper choice of polymers and fabrication must be made. While other scaffold fabrication techniques exist for vascular conduits, electrospinning has emerged as one of the leading techniques for generating biomimetic scaffolds made of synthetic and natural polymers. Electrospinning uses an electric field to control the formation and deposition of polymer fibers and is remarkably efficient, rapid, and inexpensive [12] . Using this technique, a number of biomaterial constructs have been fabricated [13] , including constructs that hold potential for blood vessel engineering [14] . Previous research has shown collagen types I and III, elastin, and PDO to be readily spinnable into submicron scale fibrous scaffolds [2, [15] [16] [17] [18] [19] . Therefore, creating a scaffold that combines the mechanical strength of a biodegradable polymer with the bioactive properties of the ECM could prove to be a beneficial design in the quest for a bioresorbable vascular grafts [20] . Ideally, once these scaffolds are processed and implanted in situ, cells will recognize the surface, adhere, migrate, and proliferate.
In vivo elastin [21] [22] [23] strongly differs from its soluble form [24] , α-elastin and β-elastin, which is commonly used in vascular engineering scaffold fabrication. Previous experiments have blended collagen and elastin scaffolds [2, 15] , leading to the instantaneous dissolution of the electrospun fibers in water as demonstrated by Buttafoco et al. However, the characteristics of elastin dissipation, when coelectrospun with PDO, are unknown. Therefore, cross-linking the scaffolds may be a necessity. The most common crosslinker, glutaraldehyde, has been used with numerous types of electrospun scaffolds [2, 16, [25] [26] [27] [28] , but with cytotoxic drawbacks [29] . Carbodiimide and genipin, on the other hand, have exhibited lower cytotoxicity [29] [30] [31] , making them better suited for implantation.
This study focused on the 50:50, 60:40, 70:30, 80:20, 90:10, and 100:0 PDO:α,β−elastin blend ratios, and their behavior as an uncross-linked scaffold when immersed in PBS solution for three separate time periods: 15 minutes, 1 hour, and 24 hours. All scaffolds were tested for dry weight loss and material properties. Cross-linked scaffolds were subsequently investigated to determine if any material property changes occurred over time.
METHODS

Electrospinning
The following were blended in ratios of 100:0, 90:10, 80:20, 70:30, 60:40, 50:50, and 0:100 (250 mg/ml for electrospinning pure elastin fibers) by volume (PDO:Elastin) and dissolved in 1,1,1,3,3,3 hexafluoro-2-propanol (Sigma Aldrich Co.): PDO (Ethicon, Inc.) with a concentration of 100 mg/mL and elastin concentration from bovine neck ligament, α-elastin and β-elastin, (Elastin Products Co., Inc.) of 200 mg/mL. These solutions were then inserted into a plastic 5 ml Becton Dickinson syringe with a blunt tip 18 gauge Becton Dickinson PrecisionGlide ® needle. The syringe and needle were placed in a KD Scientific syringe pump to be dispensed at a rate specific to the PDO:Elastin blend (between 4 and 8 ml/hr). The solutions were electrospun onto a flat rotating mandrel (2.5 cm wide x 10.2 cm long x 0.3 cm thick) to produce a flat sheet with random fiber orientation for weight testing and uniaxial tensile testing. Each sample was electrospun with an applied voltage of 22 kV at a distance of 10-13 cm from the needle tip to the mandrel and a rotational speed of 500 revolutions per minute (rpm).
Weight Loss After Hydration
Scaffolds were cut randomly into rectangular shapes (approximately 1.5cm x 1cm) from the electrospun sheet, weighed, and randomly placed into a specific time group (15 minutes, 60 minutes, or 24 hours) based on elastin's instantaneous dissolution in PBS. The scaffold was placed in a 35x10mm Petri dish with 3mL of PBS for the specified time. The scaffolds were then extracted and washed 3 times with 3 mL of deionized water. The scaffolds were placed in a desiccation chamber for 24 hours to dry. where Weight Time was specified as the weight remaining after being soaked in PBS and dried, and Weight Initial was specified as the initial dry weight of the sample prior to its PBS soak.
Dry Scaffold Characterization
Scaffold characterization was performed using scanning electron microscopy (SEM, JEOL JSM-820 JE Electron Microscope) on small pieces cut from the electrospun mats. SEM images were digitized with a Hewlett-Packard Scanjet 5550c flatbed scanner and analyzed with ImageTool 3.0 software (Shareware provided by UTHSCSA). Characterization included determining the average fiber diameter for the electrospun structure by taking the average of 60 measurements chosen randomly from across the image. For all of the measurements made from the SEM images, calibration of the ImageTool software was done with the scale bar on each image. The sample size for each measurement was n = 60.
Uniaxial Tensile Testing
Uniaxial tensile testing was performed on dry and hydrated samples at each time point. Uniaxial tensile testing was also performed on ePTFE, 100% electrospun elastin, and decellularized pig femoral artery. "Dog-bone" shaped samples were punched from the electrospun mat (2.75 mm wide at their narrowest point with a gage length of 7.5 mm) and tested on a MTS Bionix 200 testing system with a 50 N load cell (MTS Systems Corp.) and an extension rate of 10.0 mm/min. Tangential modulus, peak stress, and strain at break were calculated using TestWorks version 4. The sample size for each specimen was n = 6.
Cross-linking
Scaffolds were cross-linked using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, Fluka Biochemika), genipin (Wako Pure Chemical Industries, Ltd.), and ethylene glycol diglycidyl ether (EGDE, Sigma Aldrich, Inc.).
Cross-linking with EDC
For EDC crosslinking a 50x molarity solution (166.5mM) was prepared in accordance with Barnes et al. [32] in ethyl alcohol (Fisher Scientific). Scaffolds were placed in the EDC solution, and allowed to cross-link for 18 hours followed by a 0.1M Na 2 HPO 4 rinse for 1 hour and a PBS rinse for 1 hour.
Cross-linking with Genipin
A 30mM solution of genipin dissolved in ethyl alcohol was used to cross-link elastin scaffolds. Scaffolds were electrospun and placed in the crosslinking solution for a period of 72 hours [33] , followed by a PBS rinse for 2 hours.
Cross-linking with EGDE
Based on the work performed by Leach et al. [34] , elastin scaffolds were cross-linked using 50% EGDE. At room temperature electrospun elastin scaffolds were placed in a Petri dish with EGDE and allowed to crosslink for 24 hours followed by a PBS rinse for 2 hours.
Visual Inspection of Cross-linked Scaffolds
Cross-linked scaffolds were initially placed in PBS for a 24 hour period to determine structural stability.
Observations were recorded at time intervals of 0 minutes, 15 minutes, 1 hour, and 24 hours and scaffolds were subsequently measured for free amine groups.
Determination of Free Amino Groups
The concentration of free primary amine groups present in cross-linked electrospun elastin was determined using 2,4,6-trinitrobenzenesulfonic acid (TNBS, Research Organics) [32] . Scaffold samples were electrospun, punched into "dog bone" shapes, massed and cross-linked using the procedures listed above. Samples were placed in 15mL Fisherbrand ® centrifuge tubes. NaHCO 3 (1.0 mL 4% w/v) and TNBS (1.0 mL 0.5% w/v) were added and placed in an incubator at 40 o C for 2 hr. 3.0 mL of 6M HCL was then added to the solution, which was placed in an oven at 60 o C for 2 hr. The samples were diluted with 9 mL of PBS, cooled to room temperature. The absorbance at 345 nm was measured using a SPECTRAmax where Abs c is the measured absorbance of the crosslinked solution, Abs nc is the measured absorbance of the non-cross-linked solution, Mass c is the dry mass of the cross-linked scaffold, and Mass nc is the dry mass of the non-cross-linked scaffold. The sample size for each measured absorbance group was n = 9.
Statistical Analysis
Anaylsis of variance (ANOVA) was performed in NCSS ® 2004 statistical software (NCSS, USA) using a Kruskal-Wallis test (p < 0.01) to determine if at least two medians were different, and a TukeyKramer pair wise multiple-comparison test (p < 0.01) to ultimately determine significant differences between groups.
RESULTS & DISCUSSION
Weight Loss After Hydration
Soluble elastin is known to immediately dissociate into aqueous solutions. PDO and elastin were electrospun together in order to demonstrate the possibility of PDO retaining the elastin fibers. Thus, PDO could prevent elastin dissociation in PBS without a cross-linking agent.
The total weight of each electrospun scaffold illustrated the relationship between the different blends of PDO and elastin; as the amount of elastin increased, the weight of the dry scaffold increased as well. Once hydrated, the results indicated that as the amount of elastin was increased, the faster the scaffold degraded or dissociated. PDO:Elastin blends of 50:50 experienced a 50.4% reduction in the weight of the scaffold in the first 15 minutes alone. After 24 hours an additional 10.1% reduction in weight occurred, creating an almost exponential decrease. As the initial amount of elastin in the scaffolds was reduced, weight loss over time tended to become more linear (Figure 1, Table I ). S in a shorter period of time also increased with a high degree of association for 50:50 and 60:40 (R 2 values). 90:10 and 100:0 demonstrated no elastin loss over time. The lack of elastin loss could indicate that with minimum elastin content PDO may have successfully retained the elastin fibers, or it could indicate PDO is slightly hydrophobic and does not allow an aqueous solution to fully dissociate the electrospun elastin. Therefore, it was determined that electrospun soluble elastin was not able to be retained in scaffolds containing high percentages of elastin when coelectrospun with PDO. However, as the elastin decreases and PDO increases, there is evidence that the dissipation of elastin from the scaffold is slowed, or possibly stopped.
Dry Scaffold Characterization
onstrated that Scanning electron microscopy dem PDO and elastin were successfully electrospun into a random non-woven mat Figure 3 . This is demonstrated by the thin, flat, ribbon-like fibers which represent elastin compared to the more rounded fibers which represents PDO. Mean fiber diameter and pore area were calculated for all scaffold types, where mean fiber diameter ranged from 0.88 -0.56 μm and mean pore area ranged from 4.7 -1.5 μm 2 . definitely occurs in some blends over time. Consequently, scaffold mechanical properties could also change with time. Results of uniaxial tensile testing are displayed in Figure 4 and Table II with peak stress, tangential modulus, and strain at break. The scaffolds were tested dry as well as at time Timed hydration results for peak stress indicated there were no differences among the 50:50 scaffolds. Samples at 24 hours were different from both 15 minutes and 60 minutes among the 60:40 scaffolds. Among the 70:30 scaffolds, times of 15 minutes, 60 minutes, and 24 hours were different from each other. There were no significant differences among the 80:20 scaffolds. 90:10 scaffolds showed significant differences between 24 hours and both 15 minutes and 60 minutes. The group timed at 15 minutes was different from those timed at 60 minutes in the pure PDO scaffold. One possible difference that could account for the differences seen in 90:10 and pure PDO scaffolds are batch to batch differences in PDO or elastin that occur during the electrospinning process for use in the 24 hours hydration. Due to the preliminary nature of this study, further investigation is required. Trends of the tangential modulus results closely sembled those of peak stress for the 50:50, 60:40, re and 70:30 samples. Among the 80:20 scaffolds, the batch timed at 15 minutes was different from the batch timed at 24 hours. This discrepancy was also true for the 90:10 and 100:0 blends, where times of 15 minutes and 60 minutes were different from 24 hours in the 90:10 and pure PDO scaffolds. 90:10 actually increased in stiffness from 15 minutes to 60 minutes, but dropped dramatically after 24 hours. Results for 80:20 and 90:10 could once again be due to batch differences in elastin or PDO; however, further investigation is required to determine this. Cr lts for electrospun elastin The cross-linked resu scaffolds are illustrated in Figure 5 , where 166.5 mM EDC had a percent cross-link average of 45.1%, while genipin had an average of 23.3%. EGDE was not calculated because the scaffolds dissociated immediately in NaHCO 3 solution prior to incubation, indicating minimal to no cross-linking. Statistical differences existed between the 166.5 mM EDC and 30mM genipin, demonstrating 166.5 mM EDC had the maximum cross-linking among the groups. Figure 6 shows the results ht loss study, clearly demonstrating elastin retention after crosslinking in a 50:50 PDO:Elastin scaffold after soaking in PBS for 24 hours. There is no statistical difference between the scaffold cross-linked with EDC and the initial weight.
Cross-linking PDO:Elastin of a weig
However, there is a statistical difference between the initial weight of the uncrosslinked scaffold and its final weight after one day. 
Cros Testing
Since EDC had the highest degree of cross-linking, materials cross-linked by this method were the focus of uniaxial tensile testing. The results obtained were compared to ePTFE and pig artery. Peak stress, tangential modulus, and strain at break for particular EDC scaffolds are contained in Table III . However, as PDO content increased after this range, the modulus dramatically increased, which is also consistent with the uncross-linked data. Strain at break results demonstrated increases as the PDO content increased up to the 70:30 blend. However, at this strain at break point it began to fall as it reached 100:0. Therefore, an unknown factor in the cross-linking process may affect the amount the graft is allowed to strain as PDO content increases, or there could have been some batch differences as the scaffolds were electrospun. train at break consisted S distribution when considering PDO:Elastin ranges of 50:50-100:0. Pure elastin was significantly different from both pig artery and ePTFE. Pig artery and ePTFE were significantly different from the full range of PDO:Elastin blends. Interestingly, the pure elastin scaffolds cross-linked with EDC had higher strain at break values than the 50:50 scaffolds. This result indicates higher elastin content alone was not the foremost cause of lower strain at break values. Therefore, the blending of PDO and elastin as well as the properties provided to the scaffold result in lower strain at break values.
Pig artery was used as a comparison tool for a native g artery demonstrated an average tangential he importance of peak stress, tangential modulus, ince genipin's cytotoxic properties are considered to statistical differences between the 50:50 scaffolds, extracellular matrix (ECM) containing collagen, elastin, and proteoglycans. The peak stress and tangential modulus of PDO:Elastin blends were all within the range of the pig artery; however, strain at break was not. In native artery, elastin generally takes the majority of the initial load, while collagen stretches from its crimped position. Once the collagen is fully stretched, stress increases dramatically, even though the artery has already stretched a significant amount prior to fracture. While this behavior was observed in the pig artery, the PDO:Elastin scaffolds, on the other hand, do not contain this crimped structure. Thus, PDO and elastin worked together as the scaffold was stretched and subsequently fractured at a lower strain.
Pi modulus of 2.7 MPa, which is significantly less than all tested materials with the exception of the EDC pure elastin scaffolds. This result illustrated a need for a decrease in the amount of synthetic polymer blended into scaffolds, but at the cost of possible graft failure due to rupture or aneurysmal formation. Therefore, a significant amount of materials testing outside of uniaxial tensile testing is required, including compliance and burst strength, which involve biaxial stretch.
T and strain at break for vascular graft material properties are to give a preliminary understanding of material behavior if implanted in situ. Peak stress is a good indicator for burst strength properties and prevention of aneurysmal formation.
Values obtained through tangential modulus are related to the overall stiffness of the material and are indicative of the material compliance. Strain at break is another indicator for compliance and distensibililty. Individually, these properties only provide small details of the overall picture, but, when combined with a description of the stress-strain curves and more advanced testing, these material properties become more valuable at predicting the mechanical properties of a combination of materials. xisted between the but Add genipin was not different from the pig artery. Tangential modulus illustrated a difference between the 50:50 scaffolds, but not the 70:30 scaffolds. No difference existed between the pig artery and 50:50 genipin scaffold. Finally, strain at break did not show differences among the individual scaffolds, which had different strain at break compared to pig artery.
Therefore, cross-linking with genipin demonstrates a decrease in the stiffness of the material compared to EDC when enough elastin is added to the scaffold. The same could be true for peak stress since the average peak stress decreases for the 50:50. However, 70:30 demonstrates an increase in peak stress when cross-linked with genipin. Thus, this inconsistency could be due to the cross-linker used or to batch differences with higher PDO content compared to the scaffold cross-linked with EDC. 
ONCLUSION
results have shown that electros The gi sol m uncross-linked, le linking is a necessity for elastin containing scaffolds. Several cross-linkers were investigated for this study, but only EDC and genipin were considered for additional testing based on percent cross-linking and documented cytotoxic properties. Mechanically, the addition of elastin creates scaffolds that exhibited ranges of properties resembling that of both pig artery and native human artery. Previous data indicated uncross-linked PDO-elastin cell culture with blends of 70:30 and 90:10 demonstrated excellent migration into the uncross-linked scaffolds [37] . Future studies will investigate mechanical properties based on uniaxial hysteretic testing, compliance testing, and the possible inclusion of collagen. 
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